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Abstract
Monomeric sarcosine oxidase (MSOX) catalyzes the oxidation of N-methylglycine and contains
covalently bound FAD that is hydrogen bonded at position N(5) to Lys265 via a bridging water.
Lys265 is absent in the homologous but oxygen-unreactive FAD site in heterotetrameric sarcosine
oxidase. Isolated preparations of Lys265 mutants contain little or no flavin but can be covalently
reconstituted with FAD. Mutation of Lys265 to a neutral residue (Ala, Gln, Met) causes a 6000- to
9000-fold decrease in apparent turnover rate whereas a 170-fold decrease is found with Lys265Arg.
Substitution of Lys265 with Met or Arg causes only a modest decrease in the rate of sarcosine
oxidation (9.0- or 3.8-fold, respectively), as judged by reductive half-reaction studies which show
that the reactions proceed via an initial enzyme•sarcosine charge transfer complex and a novel
spectral intermediate not detected with wild-type MSOX. Oxidation of reduced wild-type MSOX (k
= 2.83 × 105 M−1 s−1) is more than 1000-fold faster than observed for the reaction of oxygen with
free reduced flavin. Mutation of Lys265 to a neutral residue causes a dramatic 8000-fold decrease
in oxygen reactivity whereas a 250-fold decrease is observed with Lys265Arg. The results provide
definitive evidence for Lys265 as the site of oxygen activation and show that a single positively
charged amino acid residue is entirely responsible for the rate acceleration observed with wild-type
enzyme. Significantly, the active sites for sarcosine oxidation and oxygen reduction are located on
opposite faces of the flavin ring.

The reduction of oxygen to hydrogen peroxide by free reduced flavin is thermodynamically
favorable but kinetically slow because the 2-electron reduction of triplet oxygen by a
diamagnetic organic molecule is spin-forbidden. In fact, the 2-electron reduction of oxygen by
reduced flavin proceeds via an initial 1-electron transfer step that generates a flavin radical/
superoxide anion radical pair in a spin-allowed but energetically unfavorable, rate-determining
reaction. The term oxygen activation is used in reference to the accelerated rates of oxygen
reduction observed with flavoprotein oxidases and other enzymes that reduce molecular
oxygen (1,2). A series of elegant studies by Klinman and Roth identified His516 as the site of
oxygen activation in the flavoenzyme glucose oxidase and showed that the reaction required
the protonated form of this residue (2-4). Surprisingly little is, however, currently known about
the detailed mechanism of oxygen activation by other flavoprotein oxidases, especially
regarding the specific role of active site residues in these reactions.
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We have initiated studies with monomeric sarcosine oxidase (MSOX) in order to further
explore the mechanism of oxygen activation by flavoprotein oxidases. MSOX is a stable,
readily expressed 44 kDa two-domain protein that contains covalently bound FAD (8α-S-
cysteinyl-FAD). The enzyme catalyzes the oxidation of sarcosine (N-methylglycine) and other
secondary amino acids to the corresponding imines. Steady-state kinetic studies indicate that
the reduced enzyme•imine product complex is the species that reacts with oxygen to generate
oxidized enzyme and hydrogen peroxide (5-7). Recent studies indicate that covalent
flavinylation of apoMSOX proceeds via an autocatalytic reaction that involves formation of
an oxygen-reactive reduced flavin intermediate, covalently bound 1,5-dihydroFAD (8-10).
High-resolution crystal structures of the MSOX holoenzyme show that the flavin ring of FAD
is bound at the interface between the flavin domain and the catalytic domain. The site of
sarcosine oxidation is located just above the re-face of the flavin ring. Access to the active site
is controlled by a loop (Gly56 to Glu60) that forms part of a cleft leading from the surface.
The active site loop is mobile in the free enzyme but assumes a closed conformation in enzyme
complexes with competitive inhibitors (6,11,12).

MSOX is a prototypical member of a family of monomeric amino acid oxidases that contain
covalently bound flavin, including N-methyltryptophan oxidase, nikD, pipecolate oxidase and
fructosyl amino acid oxidase (13-18). MSOX also exhibits sequence (∼20% identity) and
structural (RMSD = 1.37 Å) similarity with the β-subunit of heterotetrameric sarcosine oxidase
(TSOX), a bifunctional enzyme that catalyzes sarcosine oxidation and synthesis of 5,10-
methylenetetrahydrofolate (19). The β-subunit of TSOX contains FAD which is noncovalently
bound but otherwise structurally equivalent to the covalently bound FAD in MSOX.
Importantly, reduced FAD in TSOX is totally unreactive towards oxygen. Instead, electrons
are transferred from reduced FAD to a second flavin, FMN, where oxygen is reduced to
hydrogen peroxide (20-22). MSOX and TSOX contain highly similar sites for sarcosine
oxidation above the re-face of FAD, as judged by structures observed for complexes of the
enzymes with the same competitive inhibitor (2-furoate) (19). Significantly, striking
differences are found above the si-face of FAD where two basic residues (Arg49, Lys265) are
found in MSOX but absent in TSOX. The side chain of Arg49 is in van der Waals contact with
the si-face of the flavin ring in MSOX (Figure 1), essential for covalent flavin attachment
(10) and highly conserved in monomeric MSOX homologs that contain covalently bound FAD
(15,23,24). Lys265 is hydrogen bonded to the N(5) position of the flavin ring via a bridging
water (wat1) and is also hydrogen bonded to a second nearby water (wat2) (Figure 1). Lys265
is conserved in several other members of the MSOX family (18,23,24). Interestingly, a lysine
residue hydrogen bonded to flavin N(5) via a bridging water is also found in a number of other
flavoprotein oxidases, including monoamine oxidase B (25), polyamine oxidase (26),
monoamine oxidase A (27), and L-amino acid oxidase (28). These observations suggested that
Lys265 might play a role in the reaction of reduced MSOX with oxygen.

In this paper we investigate the effect of Lys265 mutations on MSOX turnover and the kinetics
of the reductive-and oxidative half-reactions. The studies provide evidence for a novel
intermediate during enzyme reduction and definitive evidence for Lys265 as the site of oxygen
activation in MSOX.

EXPERIMENTAL PROCEDURES
Materials

Restriction enzymes and T4 DNA ligase were obtained from New England Biolabs. Plasmid
pET23a was obtained from Novagen. Horseradish peroxidase and o-dianisidine were
purchased from Sigma. Methylthioacetate was obtained from Aldrich. Talon Metal Affinity
Resin (Co2+ affinity matrix) was obtained from Clontech. [N-methyl-D3]-Sarcosine was
obtained from Isotec.
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Mutation of Lys265 to Ala, Gln, Met or Arg
Mutations were generated by using the plasmid pGZ26 (8) as template and the overlap
extension PCR method described by Ho et al. (29). PCR reactions were conducted and products
were purified as previously described (10). The left-hand fragment was generated using
START (external primer) as forward primer and an internal backward primer containing the
desired mutation (see Table 1). The right-hand fragment was generated using an internal
forward primer containing the desired mutation and END (external primer) as backward
primer. The purified left- and right-hand fragments were combined using START and END as
forward and backward primers, respectively. The final PCR product was purified, digested
with NdeI and XhoI, purified again and then subcloned between the NdeI and XhoI sites of
plasmid pET23a. The resulting construct was used to transform E. coli BL21(DE3) cells to
ampicillin resistance. For screening, plasmid DNA was isolated from randomly selected clones
and digested with NdeI and XhoI. Plasmids that exhibited the expected insert size (pGZ59,
pGZ60, pGZ61, and pGZ62 for the Lys265Met, Lys265Asn, Lys265Arg and Lys265Ala
mutations, respectively) were isolated and sequenced across the entire insert. Sequencing was
conducted by MWG Biotech.

Expression and Purification of Wild-type MSOX or Lys265 Mutants and Reconstitution of the
Mutant Enzymes with FAD

Wild-type MSOX holoenzyme was expressed and purified as previously described (5,8). The
same procedure was used for expression of mutant enzymes except that the cells were grown
at 23 - 25 °C instead of 37 °C. The mutants contained a carboxyl-terminal affinity tag,
(His)6, and were purified by using a Co2+ affinity matrix, similar to that previously described
for the isolation of His-tagged wild-type MSOX apoenzyme (8). As will be described, the
isolated preparations of the Lys265 mutants were largely or entirely devoid of covalently bound
FAD. The mutant apoenzymes were reconstituted by incubation with 500 μM FAD for 3.5 h
in 50 mM Tris buffer, pH 8.0, at room temperature. The reconstituted samples were subjected
to ultrafiltration (CentriPrep YM30 column) to remove unbound FAD and change the buffer
to 100 mM potassium phosphate, pH 8.0. The concentration of wild-type MSOX and the
reconstituted mutant enzymes was estimated based on flavin absorbance by using the extinction
coefficients listed in Table 2. Catalytic activity was monitored by using a horseradish
peroxidase-coupled assay with o-dianisidine as the chromogenic substrate (7).

Steady-state Spectroscopy and Flavin Analysis
Absorption spectra were recorded using an Agilent Technologies 8453 diode array or a Perkin-
Elmer Lambda 25 spectrophotometer. Extinction coefficients and the stoichiometry of FAD
incorporation into the isolated and/or reconstituted Lys265 mutant preparations were
determined after denaturation of the mutant enzyme preparations with guanidine
hydrochloride, as previously described (5). Dissociation constants for the complex formed with
Lys265Met or Lys265Arg and methylthioacetate were determined by fitting a theoretical
binding curve to absorbance changes observed at 515 or 518 nm, respectively. Spectra
corresponding to 100% complex formation were calculated as previously described (12).
Special cuvettes with two side arms were used for anaerobic experiments. The cuvettes were
made anaerobic by bubbling argon through protein-free solutions in the main compartment or
over the surface of small aliquots of enzymes in the side arms.

Kinetics of the Anaerobic Reduction of Lys265Met, Lys265Arg or Wild-type MSOX with
Sarcosine

The anaerobic reductive half-reactions were monitored using a Hi-Tech Scientific SF-62DX2
stopped-flow spectrometer with diode array detection. All spectra are averages of at least five
replicate shots, collected in log mode to maximize the number of points acquired during the
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early phase of each reaction. Solutions containing enzyme or sarcosine were prepared in buffer
containing 50 mM glucose. The solutions were made anaerobic by multiple cycles of
evacuation, followed by flushing with oxygen-scrubbed argon. Glucose oxidase was then
tipped from a sidearm of the tonometer to a final concentration of 14.7 unit/mL to remove
traces of residual oxygen. The entire flow circuit of the stopped-flow spectrometer was made
anaerobic by an overnight incubation with anaerobic buffer containing 50 mM glucose and
glucose oxidase (14.7 unit/mL).

Global analyses of absorption spectra acquired for the reductive half-reactions were performed
using Specfit 3.0, a software package that generates calculated spectra of intermediates, rate
constants for intermediate formation and decay, and yields of the intermediate(s) as a function
of reaction time. The enzyme•substrate charge transfer complex formed with Lys265Met or
Lys265Arg was characterized using initial spectra recorded after mixing the mutant enzymes
with a range of different sarcosine concentrations. Dissociation constants for the complexes
were determined by fitting a theoretical binding curve to initial absorbance changes observed
at 495 or 497 nm, respectively. Spectra corresponding to 100% complex formation were
calculated as previously described (12). Fitting of single-wavelength kinetics traces were
conducted using Sigma Plot 10 (Systat Software).

Kinetics of the Reaction of Reduced Lys265Met with Molecular Oxygen
A concentrated stock solution of reduced Lys265Met (75 μM) in 100 mM potassium phosphate
buffer, pH 8.0, at 25 °C was prepared by reaction with 1 equivalent of sarcosine in an anaerobic
cuvette. The reduced enzyme was diluted at least 10-fold by injecting an aliquot of the stock
solution into a special screw-cap cuvette equipped with a Teflon-silicon membrane
(Spectrocell) using a gas-tight Hamiliton syringe that had been flushed with oxygen-scrubbed
argon gas. The sealed screw-cap cuvettes contained 100 mM potassium phosphate buffer, pH
8.0, at 25 °C that had been equilibrated with water-saturated gas mixtures containing 9.98,
21.05, 44.00 or 100% oxygen (balance nitrogen). The reactions were monitored using an
Agilent Technologies 8453 diode array spectrophotometer.

Kinetics of the Reaction of Reduced Lys265 Arg or Wild-type MSOX with Molecular Oxygen
A 15 μM solution of reduced Lys265Arg or wild-type MSOX was prepared in a stopped-flow
tonometer. The main compartment of the tonometer was filled with 100 mM potassium
phosphate buffer, pH 8.0, containing 1 equivalent of sarcosine; a small aliquot of concentrated
enzyme was placed in the sidearm of the tonometer. The solutions were made anaerobic by
multiple cycles of evacuation, followed by flushing with oxygen-scrubbed argon. Since the
glucose/glucose oxidase system could not be used in these experiments, an additional step was
included to remove traces of oxygen. In this approach, oxygen-scrubbed argon gas was bubbled
directly through the buffer in the main compartment and over the surface of the enzyme in the
sidearm of the tonometer. The aliquot of Lys265Arg or wild-type MSOX was then reduced by
tipping the contents of the sidearm into the main compartment of the tonometer. Reduction of
wild-type enzyme was complete upon mixing. The Lys265Arg sample was incubated for 30
min at room temperature to ensure complete reaction. The reaction of reduced Lys265Arg or
wild-type MSOX with oxygen at 25 °C was monitored by following the increase in absorption
at 449 or 454 nm, respectively, using a Hi-Tech Scientific SF-62DX2 stopped-flow
spectrometer in photomultiplier mode. In these experiments, reduced enzyme was mixed (1:1)
with 100 mM potassium phosphate buffer, pH 8.0, that had been equilibrated with water-
saturated gas mixtures containing 21.05, 44.00, 64.97 or 100% oxygen (balance nitrogen).
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RESULTS
Effect of Lys265 Mutations on Holoenzyme Biosynthesis

Conservative mutation of Lys265 to Arg results in the isolation of a preparation that contains
covalently bound FAD and exhibits a typical flavoprotein spectrum (Figure 2A, red curve).
However, the covalent flavin content of the isolated mutant preparation (0.25 mol FAD/mol
protein) is less than 30% of that observed with wild-type MSOX (Table 2). A more dramatic
effect on in vivo flavinylation is observed upon replacing Lys265 with neutral residues. The
isolated preparation of Lys265Ala exhibits a recognizable flavin absorption spectrum (Figure
2A, cyan curve) but contains only 0.05 mol FAD/mol of protein. The isolated preparations of
Lys265Met and Lys265Gln contain no detectable FAD and exhibit low intensity, characterless
absorption in the visible region (Figure 2A, blue and green curves, respecitively).

Reconstitution of the Lys265 Mutant Apoproteins with FAD
The isolated Lys265 mutant preparations were incubated for 3.5 h with 500 μM FAD and then
treated to remove free FAD, as detailed in Experimental Procedures. Remarkably, all of the
mutant enzymes incorporated substantial amounts of flavin that was covalently attached to the
protein, as judged by ultrafiltration of the reconstituted enzymes after denaturation with 3.0 M
guanidine hydrochloride. The reconstituted mutant preparations exhibit 62 to 85% of the
covalent flavin content observed with wild-type MSOX (Table 2). The results show that the
isolated Lys265 mutant apoproteins retain the ability to catalyze covalent flavin biosynthesis.

Spectral and Catalytic Properties of the Reconstituted Lys265 Mutant Enzymes
All of the reconstituted Lys265 mutant enzymes exhibit typical flavoprotein absorption spectra
with two maxima in the visible region (Figure 2B). The higher energy absorption band exhibits
a somewhat more pronounced shoulder and is hypsochromically shifted (6-7 nm) in the mutant
enzymes compared with the 454 nm absorption band observed with wild-type MSOX. The
lower energy absorption band in the mutant enzymes is bathochromically shifted (11-17 nm)
compared with wild-type MSOX (Table 2). The mutations do not affect relative intensity of
the two absorption bands, except for Lys265Gln where the intensity of the lower energy band
is somewhat enhanced compared with wild-type MSOX.

In contrast to the relatively modest spectral perturbations, mutation of Lys265 to a neutral
residue results in an enormous decrease in catalytic activity, as judged by apparent turnover
rates observed in air-saturated buffer containing 120 mM sarcosine. A 6000- to 9000-fold
decrease in the apparent turnover rate is observed when Lys265 is changed to Ala, Gln, or Met.
A substantial decrease in apparent turnover rate (170-fold) is observed even when Lys265 is
conservatively replaced by arginine (Table 2). To elucidate the apparently critical role of
Lys265 in catalysis, the Lys265Met and Lys265Arg mutants were selected for detailed studies.

Does Mutation of Lys265 Affect Binding of a Competitive Inhibitor?
Methylthioacetate (MTA, CH3SCH2CO2

−) is a sarcosine analog in which the substrate
nitrogen is replaced by sulfur. The Lys265Met and Lys265Arg mutants form complexes with
MTA that exhibit a new absorption band in the visible region (Figure 3), a feature diagnostic
of charge transfer interaction. Wild-type MSOX also forms a charge transfer complex with
MTA. However, the charge transfer bands observed with Lys265Met and Lys265Arg are
shifted to shorter wavelengths (higher energy) (λmax = 515 and 518 nm, respectively) compared
with wild-type MSOX (λmax = 532 nm), as judged by the position of the long wavelength bands
in the corresponding difference spectra (see Figure 6B). Mutation of Lys265 to Met or Arg
also caused a modest decrease in the stability of the MTA complex (4.6- or 2.4- fold,
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respectively), as judged by comparison of dissociation constants observed with mutant and
wild-type MSOX (Table 3).

Does Mutation of Lys265 Affect the Kinetics of Enzyme Reduction by Sarcosine?
The observed shift of the MTA charge transfer band to higher energy suggested that mutation
of Lys265 might lower the flavin reduction potential, similar to that observed with the
Arg49Lys mutant (30). A lower flavin reduction potential could result in a decreased rate of
sarcosine oxidation. We reasoned that the anaerobic reduction of Lys265Met with excess
sarcosine would need to be extremely slow in order to account for the observed 6000-fold
decrease in apparent turnover rate and should be readily monitored using a steady-state diode
array spectrometer. However, a manual mixing experiment showed that reduction of
Lys265Met with 120 mM sarcosine was much too fast to observe using this approach. We
therefore initiated studies to characterize the kinetics of the anaerobic reaction of Lys265Met
or Lys265Arg with sarcosine using a stopped-flow diode array spectrometer, as detailed in the
following sections.

Characterization of an Enzyme•Substrate Complex Formed with Lys265Met or Lys265Arg
The initial spectrum observed after mixing Lys265Met with 140 mM sarcosine (Figure 4A,
curve 1) differs from that obtained in the absence of sarcosine (Figure 4A, red curve), especially
with respect to the development of absorbance in the long-wavelength region (λ > 480 nm).
This feature suggested that the reductive half-reaction with Lys265Met is initiated by the
formation of an enzyme•substrate charge transfer complex, similar to that observed with wild-
type MSOX (12). Consistent with this hypothesis, initial spectra observed after mixing
Lys265Met with a wide range of sarcosine concentrations (1 to 140 mM) are isosbestic (Figure
5A) and show the progressive formation of a charge transfer band that exhibits a maximum at
495 nm, as estimated by the position of the peak in the corresponding difference spectrum
(Figure 6A). The observed maximum is shifted to shorter wavelengths compared with that seen
with wild-type MSOX (λmax = 516 nm), similar to results obtained for the MTA complexes.
Sarcosine also forms a charge transfer complex with the Lys265Arg mutant (Figure 5B). The
spectral properties of the Lys265Arg•sarcosine charge transfer complex (λmax = 497 nm) more
closely resemble those observed with Lys265Met than wild-type MSOX, as judged by
comparison of the corresponding difference spectra where a positive band at 408 nm is seen
with wild-type MSOX but not with the mutant enzymes (Figure 6A). Dissociation constants
determined for the sarcosine complexes with Lys265Met or Lys265Arg (see insets in Figure
5) indicate that the mutant complexes are somewhat less stable than the corresponding wild-
type complex, similar to that observed with the MTA complexes (Table 3).

Detection of a Novel Intermediate during Reduction of Lys265Met or Lys265Arg with
Sarcosine

An isosbestic spectral course is observed for the anaerobic reduction of wild-type MSOX over
a wide range of sarcosine concentrations (1 to 80 mM) in reactions that exhibit a monophasic
exponential loss of oxidized enzyme absorbance (12). Apparently similar features are observed
for the reductive half-reactions with Lys265Met or Lys265Arg but only at sarcosine
concentrations below 25 or 10 mM, respectively (data not shown, see Supporting Information
Figure S1). Reactions observed with the Lys265 mutants at higher sarcosine concentrations
are not isosbestic and exhibit a biphasic loss of oxidized flavin absorbance (Figures 4A and
7A). However, it is noteworthy that the same final reduced enzyme spectrum is observed with
the Lys265 mutants over the entire range of sarcosine concentrations tested in these studies (1
to 140 mM). Importantly, the final spectra of the reduced mutant enzymes closely resemble
that observed in the monophasic reductive half-reactions seen with wild-type MSOX (12).
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The results strongly suggested that a novel spectral intermediate is formed during reduction of
the Lys265 mutants, at least at “higher” sarcosine concentrations. To evaluate this hypothesis,
a global analysis was performed by fitting a model, A → B → C, to spectra obtained for the
reductive half-reactions observed with Lys265Met or Lys265Arg at sarcosine concentrations
above 25 or 10 mM, respectively. Species A in this model corresponds to the initial equilibrium
mixture of free enzyme and the enzyme•sarcosine charge transfer complex which is formed
within the instrument dead time, B is the postulated intermediate and C is the final reduced
enzyme species. A good fit of the proposed model was obtained, as illustrated by results
obtained for the reaction of Lys265Met with 140 mM sarcosine (Figure 4B) or Lys265Arg
with 130 mM sarcosine (Figure 7B). As predicted, calculated absorption spectra of species A
and C superimpose with initial and final observed spectra, respectively. The calculated
spectrum of species A varied depending on the substrate concentration whereas the same
calculated spectrum was obtained for intermediate B or species C independent of the sarcosine
concentration. Very similar calculated spectra for intermediate B are obtained upon analysis
of the reactions observed with Lys265Met (λmax = 345, 381 nm) or Lys265Arg (λmax = 347,
379 nm). Values obtained by global analysis for the rate of intermediate B formation (k1) or
the rate of intermediate B conversion to species C (k2) are in excellent agreement with results
obtained by fitting a double exponential equation to the corresponding reaction traces observed
at 449 nm (see insets in Figures 4B and 7B). For each mutant, the observed rate of intermediate
B formation varied depending on the sarcosine concentration whereas the observed rate of
intermediate B conversion to species C was independent of the substrate concentration.
Importantly, the calculated maximal yield of intermediate B was positively correlated with the
sarcosine concentration over the range of “higher” substrate concentrations included in these
analyses. This outcome suggested that intermediate B is also formed at lower sarcosine
concentrations, albeit at slower rates that would reduce the maximal yield of the intermediate
and its made detection more difficult.

To evaluate this hypothesis, global analyses were performed using the calculated spectrum of
intermediate B in fitting a model, A → B → C, to spectra obtained for the reductive half-
reactions at the lower range of sarcosine concentrations. In each case, spectra calculated for
species A and C coincided with observed initial and final spectra, respectively. Significantly,
values obtained for k2 were independent of the substrate concentration and similar to those
obtained for the reactions at “higher” sarcosine concentrations. Most importantly, values
calculated for k1 by global analysis of the reactions at the lower range of sarcosine
concentrations varied depending on the substrate concentration and were in good agreement
with rate constants estimated by fitting a single exponential equation to the corresponding
reaction traces observed at 449 nm (see insets in Figures 4B and 7B).

Does Intermediate B Contain Reduced Flavin?
The calculated absorption spectrum suggested that flavin reduction occurs during formation
of intermediate B. In this case, the observed rate of intermediate B formation should exhibit a
substantial kinetic isotope effect (KIE) whereas the rate of intermediate B conversion to species
C should be unaffected when the methyl group protons in sarcosine are replaced by deuterium.
Intriguingly, this scenario suggested that the reductive half-reaction with a high concentration
of deuterated substrate might resemble that observed for the reaction with a low concentration
of unlabeled sarcosine. Consistent with this hypothesis, the anaerobic half-reaction of
Lys265Met with 140 mM [N-methyl-D3]-sarcosine exhibits an isosbestic spectral course and
a monophasic exponential loss of oxidized enzyme absorbance (data not shown; see Supporting
Information Figure S2), as observed for the reaction with a 1.0 mM unlabeled sarcosine (see
Figure S1) but unlike results obtained with 140 mM unlabeled substrate (see Figure 4A). A
global analysis of the reductive half-reaction with 140 mM deuterium-labeled sarcosine was
performed using the calculated spectrum of intermediate B in fitting a model, A → B → C, to
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the data. As predicted, fairly similar values are obtained for the rate of intermediate B
conversion to species C with labeled (k2

D = 6.6 ± 0.1 s−1) or unlabeled (k2
H = 4.41 ± 0.02

s−1) sarcosine. In contrast, the observed rate of intermediate B formation with deuterated
sarcosine (k1

D = 1.260 ± 0.002 s−1)2 is nearly 9-fold slower (KIE = k1
H/k1

D = 8.77 ± 0.05)
than observed with unlabeled sarcosine (k1

H = 11.05 ± 0.06 s−1). A substantial kinetic isotope
effect is also observed for reduction of wild-type MSOX with sarcosine (KIE = 5.93 ± 0.03),
as judged by results obtained with 140 mM unlabeled (kH = 119.6 ± 0.4 s−1) versus deuterium-
labeled (kD = 20.16 ± 0.06 s−1) substrate.

Effect of Substrate Concentration on the Kinetics of Formation and Decay of Intermediate B
The observed rate of intermediate B formation (k1) exhibits a hyperbolic dependence on
sarcosine concentration, as judged by values obtained by global analysis of the reductive half-
reactions observed with Lys265Met or Lys265Arg over the entire range of substrate
concentrations (Figure 8). The corresponding double-reciprocal plots are linear with a finite
Y-intercept (plot not shown). Values for the limiting rate of formation of intermediate B at
saturating sarcosine (klim) and the apparent dissociation constant for the enzyme•substrate
charge transfer complex (Kd app) were estimated by fitting equation 1 to the data (Table 4).
Values obtained for Kd app by kinetic analysis are in good agreement with Kd values determined
based on the observed spectral properties of the enzyme•substrate complexes (Table 3). This
outcome is expected for a nonsticky substrate where the rate of complex dissociation is much
faster than its conversion to intermediate B.

(1)

Unlike intermediate B formation, the observed rate of intermediate B conversion to species C
(k2) is independent of the sarcosine concentration (see Figure 8 and Table 4). Overall, despite
a large difference in apparent turnover rates, values obtained for the three parameters that define
the kinetics of the reductive half-reactions with the two Lys265 mutants (Kd app, klim, and k2)
are remarkably similar, exhibiting a maximal difference of less than 2.5-fold (Table 4).

Inspection of the plots in Figure 8 shows that the overall rate of the reductive half-reaction with
either mutant at saturating concentrations of sarcosine will be limited by the rate of conversion
of intermediate B to the final reduced enzyme species (k2). Values obtained for k2 with the
Lys265 mutants are about 25-fold slower than the limiting rate of the reductive half-reaction
observed with wild-type MSOX (Table 4). Importantly, the results show that the 170- or 6000-
fold decrease in apparent turnover rates observed with Lys265Arg or Lys265Met, respectively,
cannot be explained by the relatively modest effects of these mutations on the rate of the
reductive half-reaction.

Reaction of Reduced Lys265Met, Wild-type MSOX or Lys265Arg with Oxygen
The reductive half-reaction studies suggested that product release or an extremely slow reaction
of reduced Lys265Met with oxygen might account for the 6000-fold decrease in the apparent
turnover rate observed with this mutant. To test the oxygen reactivity hypothesis, a stock
solution of reduced Lys265Met was prepared by anaerobic reaction of the enzyme with 1
equivalent of sarcosine. An aliquot of reduced enzyme was then injected into a sealed cuvette
containing buffer that had been equilibrated with water-saturated gas mixtures containing 9.98
to 100% oxygen (balance nitrogen). Indeed, the kinetics of oxidation of reduced Lys265Met

2The value obtained for k1D by global analysis is similar to a value obtained by fitting a single exponential equation to the reaction trace
observed at 449 nm (kD = 1.218 ± 0.002 s−1).
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were quite slow over the entire range of oxygen concentrations and could be monitored using
a steady-state diode array spectrometer. In each case, a virtually isosbestic conversion of
reduced to oxidized enzyme was observed in reactions that exhibit a monophasic exponential
increase in absorbance at 449 nm, as illustrated by results obtained for the reaction with 117
μM oxygen (Figure 9). Rate constants observed at different concentrations of oxygen were
directly proportional to oxygen concentration (Figure 10A). The second-order rate constant
for the oxidation of reduced Lys265Met was determined from the slope of this plot.
Remarkably, the value obtained with reduced Lys265Met (k = 35.1 ± 0.9 M−1 s−1) is actually
7-fold slower than the sluggish reaction observed with free reduced flavin (Table 5).

The kinetics of the much faster oxidative half-reaction with wild-type MSOX could be
observed using a stopped-flow spectrometer in photomultiplier mode. In these experiments, a
15 μM solution of substrate-reduced wild-type MSOX was mixed (1:1) with buffer that had
been equilibrated with water-saturated gas mixtures containing 21.05 to 100% oxygen (balance
nitrogen). The reaction was monitored by following the increase in absorption due to the
oxidized enzyme at 454 nm. Rate constants determined for the monophasic reactions are
directly proportional to the oxygen concentration (Figure 10C). Oxidation of reduced wild-
type MSOX is a very rapid bimolecular reaction (k = 2.83 ± 0.07 × 105 M−1 s−1) that is more
than 1000-fold faster that the reaction observed with free reduced flavin. The results obtained
with wild-type MSOX indicate that substitution of Lys265 with Met causes a 8000-fold
decrease in the rate of the reaction of the reduced enzyme with oxygen, consistent with the
observed effect of this mutation on the apparent turnover rate (Table 5).

In contrast to results obtained with reduced Lys265Met, the oxidative half-reaction with
Lys265Arg was too fast to observe in a manual mixing experiment. The kinetics of the reaction
with substrate-reduced Lys265Arg were determined by monitoring the increase in absorption
due to the oxidized enzyme at 449 nm in a stopped-flow spectrometer, as described above in
studies with wild-type enzyme. The second-order reaction of oxygen with reduced Lys265Arg
(Figure 10B) (k = 1140 ± 20 M−1 s−1) is more than 30-fold faster than observed with reduced
Lys265Met but 250-fold slower than observed with reduced wild-type MSOX. The results are
consistent with the observed difference in the apparent turnover rates observed with these
mutants (Table 5).

DISCUSSION
Mutation of Lys265 to Met, Ala, Gln or Arg results in the isolation of preparations that are
largely or entirely devoid of covalently bound flavin. However, the mutant apoproteins retain
the ability to catalyze covalent flavin incorporation and can be reconstituted with FAD. The
basis for the adverse effect of Lys265 mutations on in vivo flavinylation is currently under
investigation. The reconstituted Lys265 mutant preparations exhibit typical flavoprotein
absorption spectra and a covalent flavin content similar (62 to 85%) to wild-type MSOX but
greatly reduced catalytic activity. Mutation of Lys 265 to a neutral residue (Ala, Gln, Met)
results in 6000- to 9000-fold decrease in apparent turnover rate whereas a 170-fold decrease
is found upon conservative replacement of Lys265 with Arg. The mutants retain the ability to
bind and form charge transfer complexes with sarcosine or a competitive inhibitor (MTA), as
judged by the spectral properties and stability observed for complexes formed with Lys265Met
and Lys265Arg at pH 8.0. Interestingly, the zwitterionic form of sarcosine is the predominant
species in solution at pH 8.0 (pKa =10.0) whereas only the anionic form can act as a charge
transfer donor. The results indicate that the pKa of sarcosine bound to the mutant enzymes must
be considerably lower than the free amino acid, similar to that observed with wild-type MSOX
(12). Reductive half-reactions studies with Lys265Met and Lys265Arg provide evidence for
a novel intermediate and show that the mutants retain the ability to oxidize sarcosine at rates
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that are impressively fast, especially when compared with the very slow apparent turnover
rates.

A very rapid bimolecular reaction is observed with oxygen and reduced wild-type MSOX,
prepared by reaction with 1 equivalent of sarcosine. The results probably reflect the reactivity
of the free reduced enzyme because the imine product is likely to have been lost. The rate
observed in oxidative half-reaction studies with wild-type MSOX (2.83 ± 0.07 × 105 M−1

s−1) is similar to a value obtained for kcat/Km O2 in steady-state kinetic studies (3.3 ± 0.2 ×
105 M−1 s−1) (7) and close to the fastest rate reported for the reaction of oxygen with a reduced
flavoprotein oxidase (1 × 106 M−1 s−1) (31). The steady-state kinetic parameter provides an
approximate estimate of the rate of reaction of oxygen with a reduced MSOX•imine product
complex, the species that reacts with oxygen during turnover (7). Comparison of rate constants
obtained with wild-type enzyme and the Lys265 mutants shows that substitution of Lys265
with a neutral residue causes a dramatic 8000-fold decrease in the rate of reaction of the reduced
enzyme with oxygen and that a substantial decrease (250-fold) occurs even upon conservative
replacement of Lys265 with Arg. The results provide definitive evidence for Lys265 as the site
of oxygen activation in MSOX. Multiple sequence alignments and structural data indicate that
Lys265 is conserved in N-methyltryptophan oxidase (23) and pipecolate oxidase (24) and either
conserved or conservatively replaced by a histidine in fructosyl amino acid oxidase, depending
on the organism (17,18).

The nature of the novel intermediate observed during reduction of Lys265 mutants and the
possible mechanism of oxygen activation by Lys265 are discussed in the following sections.

Effect of Lys265 Mutations on the Reductive Half-reaction
The kinetics observed for the reduction of the Lys265Met or Lys265Arg with sarcosine are
consistent with a mechanism involving a rapidly attained equilibrium between the free enzyme
and the enzyme•substrate charge transfer complex, followed by an essentially irreversible
conversion (klim) of the enzyme•substrate complex to an intermediate (B) that undergoes an
apparent first-order conversion (k2) to a final reduced enzyme species (C). The kinetic isotope
effect observed when the methyl group protons in sarcosine are replaced by deuterium indicates
that substrate oxidation occurs during conversion of the enzyme•sarcosine charge transfer
complex to intermediate B (KIE = 8.77 ± 0.05). The results strongly suggest that intermediate
B is a reduced enzyme•imine product complex (Scheme 1). A spectrally similar intermediate,
detected during substrate reduction of wild-type dimethylglycine oxidase (DMGO), has also
been attributed to a reduced enzyme•imine product complex (32). Intermediate B is most
readily detected during reaction of the Lys265 mutant enzymes with “higher” concentrations
of unlabeled sarcosine where formation of intermediate B is relatively rapid compared with its
conversion to species C. A spectral intermediate is not detected during reduction of wild-type
MSOX. However, it is important to note that the absorption spectrum of substrate-reduced
wild-type enzyme (12) is virtually identical to species C observed with the Lys265 mutants.
The results strongly suggest that intermediate B is also formed during reduction of wild-type
MSOX but is not detectable owing to a very rapid conversion of the intermediate to species C.
The limiting rate of intermediate B formation with Lys265Met or Lys265Arg at saturating
sarcosine (klim) is 9.0- or 3.8-fold slower, respectively, than the limiting rate of reduction of
wild-type MSOX (Table 4). The results indicate that the Lys265 mutations cause only a very
modest decrease in the actual rate of sarcosine oxidation.

The overall rate of the reductive half-reactions observed with the Lys265 mutants at saturating
sarcosine is, however, about 25-fold slower than observed with wild-type MSOX because the
mutant reactions are limited by the rate of conversion of intermediate B to species C (k2). The
most obvious explanation is that this conversion involves release of the imine product, as
proposed by Scrutton et al. for the corresponding step in the DMGO reaction (32). However,
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species C in the MSOX reactions cannot be free reduced enzyme because it formed at a
catalytically significant rate during reduction of wild-type MSOX with sarcosine (12) and
steady-state kinetic studies with the wild-type enzyme indicate that a reduced enzyme•imine
complex is the species that reacts with oxygen (7). An alternate explanation is suggested by
the fact that the spectral properties of reduced flavins are highly sensitive to changes in the
local environment (33). This feature suggests that conversion of intermediate B to species C
might simply involve isomerization of an initial reduced enzyme•imine complex to a more
stable complex. A somewhat analogous two-step process is observed during the binding of
sarcosine or MTA to wild-type MSOX where an initially formed complex undergoes a
conformational change to form a more stable complex (12).

What is the role of Lys265 in Oxygen Activation?
Substitution of Lys265 by a neutral residue yields mutants which reduce oxygen at rates that
are about 10-fold slower than observed for the reaction with free reduced flavin. The results
show that the 1000-fold rate acceleration observed for the reaction with wild-type MSOX can
be assigned to a single positively charged amino acid residue. The observed rate acceleration
must be achieved by decreasing the activation energy for the initial 1-electron transfer step that
produces a flavin/superoxide anion radical pair, the rate-determining step in the reaction of
reduced flavins with molecular oxygen (1-4,31). The activation energy for the 1-electron
transfer step will be depend on the free energy change (ΔG°) and the reorganization energy
(λ) (equation 1) (34).

(2)

ΔG° is directly proportional to the reduction potential difference between the two half-reactions
(ΔE°). The reorganization energy is the energy required to convert from reactant to product
state in the absence of electron transfer and contains contributions from the energy required to
change bond lengths and angles (λin) and the energy required to change the configuration of
the surrounding medium (λout). The positively charged ε-amino group of Lys265 might activate
oxygen by increasing the 1-electron reduction potential for the O2/O2

•- couple (E° = −160 mV
vs NHE), similar to the effect observed with cations in model studies (35). However, the
kinetics observed for the self-exchange reaction between oxygen and superoxide anion indicate
that λout constitutes the major energy barrier in the 1-electron reduction of oxygen (36).
Importantly, the region above the si-face of FAD in MSOX contains a pair of water molecules
that are sandwiched between flavin N(5) and the positively charged ε-amino group of Lys265
(Figure 1). The identification of Lys265 as the site of oxygen activation strongly suggests that
the solvent molecules might define a pre-organized binding site for superoxide anion that could
accelerate the 1-electron reduction of oxygen by lowering the reorganization energy associated
with transforming the surrounding medium (λout). The model implies that at least one of the
water molecules is replaced by oxygen and that superoxide formation occurs in the pocket
defined by one or both of these solvent molecules. A channel that might serve to transport
oxygen from the protein surface to the postulated superoxide binding site is not detected in the
crystal structure, suggesting that oxygen may gain access via dynamic protein fluctuations, as
proposed for the rapid diffusion of oxygen through myoglobin (37). The substantial decrease
in oxygen reactivity observed with the Lys265Arg mutant (250-fold) suggests that substitution
of Lys265 with a somewhat larger basic residue may cause subtle changes in the local
environment that have a major effect on the putative superoxide anion binding site. Indeed,
substitution of a glycine near the N(5)-C(4a) locus of the flavin in lactate monooxygenase with
alanine results in a 100-fold decrease in the rate of the reaction of the reduced enzyme with
oxygen (38).
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Concluding Remarks
Oxygen activation by MSOX exhibits a number of similarities with results obtained for the
reaction with glucose oxidase. A single basic residue, Lys265 or His516, respectively, has been
identified as the site of oxygen activation in each enzyme. Lys265 in MSOX and His516 in
glucose oxidase are located near the N(5)-C(4a) flavin locus and hydrogen bonded to at least
1 water molecule. The positively charged imidazole ring of His516 in glucose oxidase lowers
the activation energy for oxygen reduction primarily by preorganization of the surrounding
medium (λout) (2-4), similar to the role postulated for the positively charged ε-amino group of
Lys265 in MSOX. Lys265 is conserved or substituted by a histidine in various MSOX
homologs, including N-methyltryptophan oxidase, pipecolate oxidase and fructosyl amino acid
oxidase (17,18,23,24), suggesting that a single basic residue will be responsible for oxygen
activation by these amino acid oxidases. Puzzlingly, Lys265 is neither conserved nor
conservatively substituted in nikD, an enzyme that exhibits significant sequence (22% identity)
and structural (RMSD = 1.8 Å) similarity with MSOX. However, it is worth noting that nikD
contains a mobile cation-binding loop that has no equivalent in other members of the MSOX
family (15). Monoamine oxidase B, polyamine oxidase, monoamine oxidase A, and L-amino
acid oxidase contain a lysine residue that is hydrogen bonded to flavin N(5) via a bridging
water molecule (25-28), similar to that observed for Lys265 in MSOX. To our knowledge, the
role of these lysine residues in oxygen activation is largely unknown. However, it has been
reported the Lys296Gln mutant of monoamine oxidase B does not exhibit any detectable
enzyme activity (39). The active sites for oxygen activation and substrate oxidation in MSOX
are located on opposite faces of the flavin ring (si- and re-face, respectively). In glucose oxidase
both active sites are found on the si-face. The arrangement observed in MSOX may facilitate
oxygen access to the flavin in the reduced enzyme•imine complex by avoiding the steric
crowding on the re-face due to the presence of imine bound above the reactive N(5)-C(4a)
locus. A similar dichotomy of function is not necessary in glucose oxidase where the free
reduced enzyme is the species that reduces oxygen. The results obtained with MSOX suggest
that separate active sites for oxygen activation and substrate oxidation may be found in other
flavoprotein oxidases, especially in those enzymes where oxygen reacts with a reduced
enzyme•product complex. Interestingly, an anion binding cavity and a putative oxygen channel
are found on the side of the flavin that is opposite to the substrate-binding site in vanillyl-
alcohol oxidase and alditol oxidase, respectively, (40,41), enzymes that exhibit a ternary
complex mechanism. The active site for oxygen activation in MSOX was identified by
structural comparison with the homologous but oxygen-unreactive FAD site in the β-subunit
of TSOX. A similar approach failed to identify the basis for enormous differences in oxygen
reactivity observed with lactate monooxygenase, glycolate oxidase and flavocytochrome b2,
indicating that there is still much to be learned about the mechanism of oxygen activation by
flavoprotein oxidases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

1Abbreviations
MSOX, monomeric sarcosine oxidase; FAD, flavin adenine dinucleotide; RMSD, root mean
square deviation; TSOX, heterotetrameric sarcosine oxidase; MTA, methylthioacetate;
DMGO, dimethylglycine oxidase..
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Scheme 1.
Proposed mechanism for the reduction of Lys265 MSOX mutants by sarcosine (S = sarcosine;
Im = sarcosine imine).
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Figure 1.
Stereoview of the region above the si-face of the flavin ring in wild-type MSOX (PDB code
2GBO). Carbon atoms are green, nitrogen atoms are blue, oxygen atoms are red and the sulfur
atom is yellow. Active site waters are shown as balls. Waters 3-5 are in contact with bulk
solvent. Hydrogen bonds are indicated by dotted lines. The diagram was rendered using
PYMOL (http://www.pymol.org).
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Figure 2.
Comparison of the spectral properties of wild-type MSOX with that observed with Lys265
mutants before (panel A) and after (panel B) reconstitution of the mutant preparations with
FAD. Absorption spectra of wild-type MSOX, Lys265Arg, Lys265Ala, Lys265Met, and
Lys265Gln are shown in the black, red, cyan, blue, and green curves, respectively. All spectra
were recorded at 25 °C in 100 mM potassium phosphate buffer, pH 8.0. Spectra in panel A are
normalized to that same absorbance at 280 nm. Spectra in panel B are normalized to the same
absorbance at the lower energy absorption maximum (λmax = 454 (wild-type), 449 (Lys265Arg,
Lys265Gln, Lys265Met) or 448 (Lys265Ala) nm.
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Figure 3.
Spectral titration of Lys265Met (A, top panel) or Lys265Arg (B, bottom panel) with
methylthioacetate. Titrations were conducted at 25 °C in 100 mM potassium phosphate buffer,
pH 8.0. The black curve in each panel was recorded for the ligand-free enzyme. The magenta
curve in each panel is the spectrum calculated for 100% complex formation, as described in
Experimental Procedures. A, Top Panel: The red, blue, green and cyan curves were recorded
after addition of 1.48, 4.88, 11.6 and 39.3 mM methythioacetate, respectively. B, Bottom Panel:
The red, blue, green and cyan curves were recorded after addition of 1.09, 2.34, 4.53 and 15.3
mM methythioacetate, respectively. The insets in the top and bottom panels show plots of the
observed absorbance increases at 515 and 518 nm, respectively. The solid red lines were
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obtained by fitting a theoretical binding curve (ΔAobs = Δmax[ligand]/(Kd +[ligand]) to the data
(black circles).
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Figure 4.
Anaerobic reaction of Lys265Met with sarcosine monitored by stopped-flow diode array
spectroscopy. A, Top Panel: Curves 1 to 9 were obtained from 1.49 ms to 1.65 s after mixing
the enzyme with 140 mM sarcosine in 100 mM potassium phosphate buffer, pH 8.0, containing
50 mM glucose and glucose oxidase (14.7 U/mL) at 25 °C. The red curve is absorption spectrum
of substrate-free enzyme obtained under otherwise identical conditions. The inset shows a plot
of the observed absorbance decrease at 449 nm. The red line was obtained by fitting a double
exponential equation (y = Ae−k1t + Be−k2t +C) to the data (open circles). B, Bottom Panel:
Calculated spectra obtained by global fitting of a model, A → B → C, to the observed diode
array data, as detailed in the text. The inset shows a plot of rate constants calculated for the
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conversion of A to B by global analysis versus values obtained by analysis of reaction traces
at 449 nm. The green and blue circles correspond to results obtained for reactions at “lower”
and “higher” sarcosine concentrations, as detailed in the text. The red line was obtained by
linear regression analysis of the entire data set (r2 = 0.9931, slope = 1.02 ± 0.03).
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Figure 5.
Formation of a charge transfer complex as detected upon mixing Lys265Met (A, top panel) or
Lys265Arg (B, bottom panel) with various concentrations of sarcosine in a stopped-flow diode
array spectrometer. Spectra were recorded in anaerobic buffer, as detailed in the legends to
figures 4 and 7. The black curve in each panel was obtained for substrate-free enzyme. The
magenta curve in each panel is the spectrum calculated for 100% sarcosine complex formation,
as described in Experimental Procedures. A, Top Panel: Initial spectra (time indicated in
parentheses) recorded after mixing Lys265Met with 15, 50 and 140 mM sarcosine are shown
in the red (3.74 ms), green (3.74 ms) and blue (1.49 ms) curves, respectively. B, Bottom Panel:
Initial spectra (time indicated in parentheses) recorded after mixing Lys265Arg with 10, 25,
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50 and 130 mM sarcosine are shown in the red (3.74 ms), green (0.74 ms), blue (0.74 ms), and
cyan (0.74 ms) curves, respectively. The insets in the top and bottom panels show plots of
observed absorption increases at 495 and 497 nm, respectively. The solid red lines were
obtained by fitting a theoretical binding curve (ΔAobs = ΔAmax[ligand]/(Kd +[ligand]) to the
data (black circles).

Zhao et al. Page 23

Biochemistry. Author manuscript; available in PMC 2009 October 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Comparison of difference spectra calculated for 100% charge transfer complex formation with
sarcosine (panel A) or methylthioacetate (panel B). The blue, red and black curves in each
panel are difference spectra calculated for 100% complex formation with Lys265Met,
Lys265Arg and wild-type MSOX, respectively. The data for the wild-type complexes with
methylthioacetate and sarcosine were taken from Zhao et al. (42) and Zhao and Jorns (12),
respectively.
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Figure 7.
Anaerobic reaction of Lys265Arg with sarcosine monitored by stopped-flow diode array
spectroscopy. A, Top Panel: Curves 1 to 9 were obtained from 0.74 ms to 1.425 s after mixing
the enzyme with 130 mM sarcosine in 100 mM potassium phosphate buffer, pH 8.0, containing
50 mM glucose and glucose oxidase (14.7 U/mL) at 25 °C. The red curve is the absorption
spectrum of substrate-free enzyme obtained under otherwise identical conditions. The inset
shows a plot of the observed absorbance decrease at 449 nm. The red line was obtained by
fitting a double exponential equation (y = Ae−k1t + Be−k2t +C) to the data (open circles). B,
Bottom Panel: Calculated spectra obtained by global fitting of a model, A → B → C, to the
observed diode array data, as detailed in the text. The inset shows a plot of rate constants
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calculated for the conversion of A to B by global analysis versus values obtained by analysis
of reaction traces at 449 nm. The green and blue circles correspond to results obtained for
reactions at “lower” and “higher” sarcosine concentrations, as detailed in the text. The red line
was obtained by linear regression analysis of the entire data set (r2 = 0.9982, slope = 0.99 ±
0.01).
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Figure 8.
Effect of sarcosine concentration on the observed rate of formation of intermediate B (k1) and
species C (k2) during the anaerobic reduction of Lys265Met or Lys265Arg as monitored by
stopped-flow diode array spectroscopy. Values for k1 and k2 were determined by global fitting
of a model, A → B → C, to spectra observed for reactions at each sarcosine concentration, as
detailed in the text. Values obtained for k1 with Lys265Met and Lys265Arg are shown by the
red and magenta open circles, respectively. The corresponding solid red and magenta lines
were obtained by fitting a hyperbolic equation (k1 obs = klim[sarcosine]/(Kd app +[sarcosine])
to the data. Values obtained for k2 with Lys265Met and Lys265Arg are shown by the green
and blue open diamonds, respectively. (For clarity, two points at [sarcosine] ≤ 2.5 mM are not
shown.) The dotted green and blue lines correspond to the average value obtained for k2 with
Lys265Met and Lys265Arg, respectively.
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Figure 9.
Oxidation of reduced Lys265Met (5.9 μM) by reaction with molecular oxygen (117 μM) as
monitored by steady-state diode array spectroscopy in 100 mM potassium phosphate buffer,
pH 8.0 at 25 °C. A concentrated anaerobic stock solution of the mutant enzyme (75 μM) was
reduced by reaction with a stoichiometric amount of sarcosine and then diluted into buffer that
been equilibrated with a water-saturated gas mixture containing 9.98% oxygen (balance
nitrogen), as detailed in Experimental Procedures. Curves 1 to 9 were recorded at 1.4, 22, 42,
62, 92, 132, 212, 352 and 1032 s after dilution, respectively. The inset shows a plot of the
observed absorption increase at 449 nm. The red line was obtained by fitting an equation for
a single exponential rise [y = A(1 - e−kt) + B] to the data (black circles).
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Figure 10.
Effect of oxygen concentration on the observed rate of reoxidation of reduced Lys265Met,
Lys265Arg or wild-type MSOX. The reaction of reduced Lys265Met was monitored by steady-
state diode array spectroscopy, as described in the legend to Figure 9. The reaction of reduced
Lys265Arg or wild-type MSOX were monitored at 449 or 454 nm, respectively, using a
stopped-flow spectrometer in photomultiplier mode. Values for kobs with mutant or wild-type
enzyme were obtained by fitting an equation for a single exponential rise to observed changes
in absorption at 449 or 454 nm, respectively. The red lines were generated by linear regression
analysis of data obtained with Lys265Met, Lys265Arg and wild-type MSOX (r2 = 0.9987,
0.9993, and 0.9989, respectively).
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Table 1
Primers used for mutagenesisa

Primer Type Forward Backward

External START END
5′- TAATACGACTCACTATAGGG -3′ 5′- GCTAGTTATTGCTCAGCGG -3′

Internal
  Lys265Ala 5′- CTGTGGATTGgcACTAGGATATC -3′ 5′- GATATCCTAGTgcCAATCCACAG -3′
  Lys265Met 5′-CTGTGGATTGAtgCTAGGATATC -3′ 5′- GATATCCTAGcaTCAATCCACAG -5′
  Lys265Gln 5′- CTGTGGATTGcAACTAGGATATC -3′ 5′-GATATCCTAGTTgCAATCCACAG -3′
  Lys265Arg 5′- CTGTGGATTGcgtCTAGGATATC -3′ 5′-GATATCCTAGacgCAATCCACAG -3′

a
Mutagenic sites in the primers are shown in lower case; the codon targeted for mutagenesis is underlined.
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Table 4
Kinetic parameters for the reductive half-reaction of wild-type MSOX or Lys265 mutants with sarcosinea

Preparation klim (s−1) Kd app (mM) k2 (s−1)

Wild-typeb 140 ± 3 13.9 ± 0.7 nd
Lys265Metc 15.5 ± 0.3 54 ± 2 4.8 ± 0.3
Lys265Argc 36.8 ± 0.5 39 ± 1 6.06 ± 0.07

a
All kinetic parameters were determined in 100 mM potassium phosphate buffer, pH 8.0, at 25 °C.

b
The kinetic paramenters for the reduction of wild-type MSOX were previously reported (12). A second phase is not detected in these reactions which

exhibit monoexponential kinetics.

c
Biexponential kinetics are observed for the reduction of the Lys265 mutants. Rate constants observed for the first phase of the reaction exhibit a hyperbolic

dependence on sarcosine concentration, as discussed in the text; klim is the limiting rate of this phase at saturating sarcosine. The second phase (k2) is
independent of the sarcosine concentration.
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Table 5
Rate constants for the oxidation of reduced wild-type MSOX or Lys265 mutants by molecular oxygen

Preparation kobs (M
−1 s−1) kpredicted (M−1 s−1)a

Wild-type 2.83 ± 0.07 x 105 1.68 ± 0.02 x 105

Lys265Met 35.1 ± 0.9 27.8 ± 0.4
Lys265Arg 1140 ± 20 996 ± 4
free flavinb 250

a
The predicted values were calculated using values obtained for kcat app (see Table 2) and the assumption that oxidation of the reduced enzymes was

fully rate-determining during turnover in air-saturated buffer (273 μM oxygen).

b
Data previously reported (1).
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